The recent advances in hepatitis C virus (HCV) therapeutics have brought combinations of direct acting antiviral medications that offer interferon-free, well-tolerated regimens with sustained virologic response rates greater than 90% in clinical trials for many patient groups. The successes have prompted discussions regarding cure for all patients. These regimens have already demonstrated the ability to cure previously challenging patient groups, including human immunodeficiency virus-HCV coinfection, decompensated cirrhosis, and post-liver transplantation. Limitations exist in the current portfolio of agents, with suboptimal outcomes for genotype 3 and limited data in genotypes 5 and 6. More data are urgently needed in patients with chronic kidney disease and in children. With ongoing developments, highly effective regimens for all these patient groups are within reach. To deliver HCV treatment throughout the world and particularly in lowand middle-income countries, regimens need to be affordable but also pan-genotypic, well-tolerated, and delivered once daily for 4-8 weeks. With such a regimen, cure for all patients would then hinge on the ability to identify patients with HCV infection and deliver treatment within their communities. This review will discuss the strategies that will be necessary to realize this opportunity to cure all persons with HCV infection.
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s it possible to cure all hepatitis C virus (HCV) patients? Yes, but we have not yet realized the true potential of direct acting antivirals (DAAs) for HCV infection. The recent advance in HCV therapeutics is one of the major accomplishments of modern medicine. After more than 20 years of interferon-based regimens, which offered moderate efficacy with significant morbidity and had a safety profile that limited its use across many populations, a number of DAA medications have been approved and are now available. These agents in combination offer interferon-free, well-tolerated regimens with sustained virologic response (SVR) rates greater than 90% in clinical trials.
1-3 Therefore, we have the tools to cure patients who engage in care, but therein lies the rub. As we hear the calls for global eradication, there remain many challenges in the pursuit of "cure for all."
Antiviral Therapy
Broad scale treatment of HCV has only become a reality with the development of well-tolerated, all oral DAA combination therapies. The safety profile of interferonbased regimens created a tremendous barrier to the treatment of many patients and impacted the enthusiasm of patients and providers alike. With less than 50% SVR effectiveness in the most common HCV genotype worldwide, it was difficult for many providers to endorse screening programs because they knew that the patient may receive a diagnosis for a disease that could not be adequately treated. DAA combination therapies now offer SVR rates greater than 90% for treatment-naive and experienced patients with genotypes 1 through 4. The dramatic improvement in efficacy along with a similarly monumental advance in safety has created the opportunity for treatment for all. One especially positive sign of progress in the field has been the inclusion of previously excluded special populations in development programs including patients with human immunodeficiency virus (HIV)-HCV coinfection, decompensated cirrhosis, and liver transplantation. [4] [5] [6] [7] For HIV/HCV patients in particular, SVR rates are similar to HCV monoinfected patients, resulting in a national dialogue as to whether HIV coinfection should maintain the label of a special population.
Despite these advances, current regimens are imperfect, and albeit easier than before, treatment remains complex. Table 1 summarizes the successes and limitations of current treatments. Although we can cure the majority of patients with genotypes 1, 2, and 4 in 12 weeks, many genotype 1 patients and all genotype 3 patients require 24 weeks of treatment. 8 Viewed by many as the new difficult-to-treat genotype, SVR rates for genotype 3 patients with cirrhosis have not reached the 90% SVR threshold observed in other patient groups. 9 We have limited data in patients with genotype 5 and 6 infection and few safe options for patients with chronic kidney disease. No DAA agents have been approved for patients with end-stage renal disease, and the continued requirement of ribavirin for most regimens in various patient subgroups is especially challenging for patients with chronic kidney disease because of the risk of severe anemia. In fact, we have yet to establish the appropriate dose of ribavirin when used as a component of DAA combination therapies. There remains a laundry list of patients who have been excluded from clinical trials that leave clinicians struggling with the best and safest approach, including but not limited to HIV patients on complex antiretroviral regimens, immunocompromised hosts, patients with hepatitis B virus coinfection, children, and the elderly, who represent an increasingly recognized and identified subgroup of patients living with HCV.
In addition to those historic "special populations", there is a new, steadily growing population for whom we have little to offer. Already, as we collect more patients treated and exposed to DAA regimens without success, we are learning that viral resistance has a role to play in retreatment success. Is there a price to pay for DAA treatment failure, other than the cost of the failed regimen itself? Early reports of baseline resistance associated variants (RAVs) suggest that the answer may be yes at a minimum in some of our more difficult-totreat patient subgroups. Sofosbuvir, a NS5B nucleotide analogue, has an exceptional genetic barrier to resistance. The signature RAV with sofosbuvir is the S282T variant, which has never been detected naturally at baseline because of the extremely poor fitness of the variant and is rarely identified at the time of sofosbuvir failure. 10 Patients failing sofosbuvir only-containing regimens have been successfully re-treated with a sofosbuvir-containing DAA combination regimen.
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Baseline and treatment emergent variants (TEVs) have been observed with the NS3/4A protease inhibitors and the NS5A inhibitors. 12 The degree of the impact of RAVs on treatment outcomes with these potent antiviral regimens remains unknown, but the development of resistance at the time of treatment failure is almost universal. NS5A RAVs maintain remarkable fitness and are likely to be more problematic in the setting of retreatment. In a pooled resistance analysis of the ledipasvir (NS5A inhibitor)/sofosbuvir phase 3 programs, although only 16% of patients overall had NS5A RAVs at baseline, significantly more patients (43%) suffering virologic failure harbored these RAVs at baseline. 13 There are now several patient subgroups where baseline NS5A RAVs may lower SVR including genotype 3 patients with cirrhosis treated with daclatasvir (NS5A inhibitor) and sofosbuvir and treatment-experienced patients receiving ledipasvir and sofosbuvir. 14 Patients harboring TEVs are likely to become a rapidly expanding patient subgroup with significant need. Although SVR of 95%-99% in clinic trials suggests this population should be a minor subgroup, it is unlikely that clinical practice will achieve such perfection. We can expect to see the proportion of treatment failures grow as the treatments move outside of clinical trials and into clinical practice. Poor adherence and the presence of RAVs have been reported most often as reasons for treatment failure in the clinical trials with these regimens. Adverse events have not been a common reason for discontinuation and treatment failure. Registries will be important to understand outcomes and reasons for failure as treatment expands outside experienced centers. Viral resistance testing is available commercially but is not currently recommended in routine clinical practice and yet may become important in the identification of the most effective regimens for patients with prior DAA treatment failure. Efforts are also underway to evaluate potent regimens with multiple agents for longer durations for this group of patients. The rapid pace of developments in DAA regimens has led to confidence that in time, all patients will have a regimen that offers cure of HCV.
If our goal is to cure everyone of HCV infection as part of a campaign to eradicate HCV, we will need a different arsenal than that we have now. Even if we just focus on the genotypes and patient groups with excellent SVR rates to current treatment, there are obstacles that will impact broad scale-up of treatment across the globe. Current regimens vary according to the genotypes and subtypes, and some regimens still require ribavirin, leading to anemia with requisite monitoring. Treatment durations currently range from 8 to 24 weeks depending on absence or presence of cirrhosis, treatment history, and baseline HCV RNA. This results in a complex treatment paradigm that will remain a barrier to treatment uptake in non-subspecialty clinics and low-and middleincome countries, which are the very places we will need the greatest presence if we are going to achieve this goal of cure for all.
One strategy of current research programs is to develop pan-genotypic regimens of short duration across all patient subgroups ( Figure 1 ). Removing the requirement for genotype testing reduces the cost of the diagnostic evaluation and the required resources that may not be available in many areas of the world. A pangenotypic regimen also decreases the complexity of the treatment paradigm, increasing the likelihood that clinicians other than HCV experts can get involved in care. The nucleotide inhibitor sofosbuvir is pan-genotypic and an attractive component of such a regimen. 1 The NS5A inhibitor daclatasvir is available in Europe, with clinical data available in genotypes 1-4 with 12 weeks in treatment-naive patients and replicon data to support the use in genotypes 5 and 6. 15 The regimen of sofosbuvir and the NS5A inhibitor GS-5816 is also in development as a pan-genotypic regimen. 16 In addition, secondgeneration NS3-4A protease inhibitors (including MK-5172 and GS-9857) offer pan-genotypic activity and create the potential for highly potent, triple pangenotypic DAA combination therapies that probably provide the greatest hope for a standardized approach to the treatment of HCV across the globe. 17 As these regimens are developed, SVR rates must remain in the current range of 95%-99% if the goal is HCV eradication. If regimens with lower efficacy rates are endorsed to promote widespread use, we will see more treatment failure and with it more resistant variants. Although shorter duration will be important to achieve broad treatment of HCV throughout the world, this cannot come with a cost in efficacy.
Thus, the optimist would theorize that continued progress in drug development will soon lead to an ideal regimen that is pan-genotypic, once daily, and welltolerated and cures all patient populations in 4-8 weeks. Our ability to cure all patients then hinges on economics and the operational components of treatment. The costs of HCV treatment have been the subject of much scrutiny in high-income countries with access to these medications. A recent cost-effectiveness analysis demonstrated that treatment of all eligible HCV-infected Americans with sofosbuvir-based regimens was costeffective compared with the previous standard of care. This treatment program would cost an additional $65 billion in the next 5 years, with the resulting cost offsets of $16 billion. 18 Although market forces are expected to influence these issues in the high-income countries of the world, the costs of these medicines are prohibitive to the low-and middle-income countries. Similar issues were faced for antiviral medications for HIV, and only through the development of generics did broad treatment occur. Gilead, the manufacturer of sofosbuvir, issued voluntary licenses to Indian generic companies to produce and market sofosbuvir in 91 countries.
19 Similar steps will be needed for all DAAs including those in combination before we can offer universal access to HCV cure.
Hepatitis C Virus Screening and Diagnosis
The advances in antiviral therapy with highly effective and well-tolerated oral regimens are critical to the efforts to pursue cure for all with HCV. For the medications to achieve their potential, we need more effective programs to identify persons living with HCV infection. The availability of effective medications has energized efforts to combat HCV at the population level. Previous screening initiatives were negatively impacted by the harsh side effects and meager response rates of interferon-based regimens. It is estimated that less than half of Americans are aware of their HCV infection, and there are countries where the prevalence of infection is simply unknown. 20 Our previous approach to HCV diagnosis and treatment improved the health of very few persons, with an estimated 5%-6% of the American HCV population cured of HCV (Figure 2) . Thus, to maximize the impact of monumental advances in HCV therapeutics, the identification of more patients with HCV is desperately needed.
Because of the asymptomatic nature of chronic infection, screening programs are required to uncover the burden of this "silent infection." In the United States, screening of persons at risk for HCV infection has been recommended since 1998. 21 These initial recommendations were based on risk factors for HCV infection including injection drug use and transfusion before 1992. It has been generally accepted that the initial American HCV screening programs failed. The stigma associated with injection drug use was strongly implicated as a driver of this failure because of the lack of willingness for patients to report this prior risk exposure to their providers. As a result, the Centers for Disease Control and Prevention recommended screening of the baby boomer cohort born between 1945 and 1965 because this group carries approximately 75% of HCV infections in the United States. 22 Ongoing initiatives will determine whether this strategy is successful. The lack of a national surveillance program for chronic HCV infection limits our ability to assess the impact of these initiatives.
Successful screening initiatives will require that primary care providers understand HCV epidemiology and the diagnostic evaluation and will command a basic understanding of HCV treatment and its value. Previous studies have suggested that knowledge of HCV among primary care providers is limited. 23 Because of the stigma of HCV infection and the role of nurses and other health care team members in screening programs, broad training will be necessary. 24 Screening initiatives that are burdensome on the clinical practice or health care system will be limited in their success because of the competing demands of busy clinicians. Electronic reminders have been effectively used in HCV screening programs but are not widely used. 25 Epic, the largest electronic health record vendor in the United States, has loaded content to provide electronic reminders and population management tools to support HCV testing in the 1945-1965 birth cohort, but the individual hospitals or health systems need to activate the function for the potential to be realized. They have also developed educational content on the rationale for screening and a library to share the HCV decision support programs from other Epic centers. These programs are examples of the potential for population management within our health system through effective use of technology.
Most current screening programs target patients already engaged in health care. However, the epidemiology would suggest that many patients with HCV infection may not be currently in care and attending health care centers. The National Health and Nutrition Examination Survey has provided our best understanding of the HCV population in the United States. Of the 3-5 million Americans estimated to have HCV infection, important defining characteristics are that 63% are male, 23% are black, and 30% have a family income below the federal poverty level. 26 Data from the prison population in the United States suggest chronic infection rates of 12%-35%. 27 Efforts will be needed to identify strategies for screening in other settings and particularly in the community to engage these high-risk populations.
Because many within these populations seek only emergent or urgent care, a novel approach to screening has proven successful at the University of Alabama Birmingham, where patients presenting to the emergency department were screened regardless of their presenting complaint. During the study period, 1529 HCV antibody tests were performed, and 11.1% were positive. 28 In Europe, the French health care system has conducted the most successful national program to increase awareness and identify more patients with HCV. Their program was launched in 1999 and included outreach initiatives to persons who inject drugs, immigrant communities from high prevalence countries, and prison populations. An analysis from 1994 to 2006 reported that the proportion of persons aware of HCV increased from 24% to 56%. 29 Similar strategies will be important components to any national strategy.
For those groups and countries attempting to battle HCV in resource-limited settings, the current diagnostic tests are limiting. Although rapid tests amenable to field work are available for the HCV antibody, confirmation of HCV infection with HCV RNA is not available. 30 Improvements in diagnostics will be necessary to bring effective screening and treatment programs to resourcelimited regions of the world.
Linkage to Care and Treatment Programs
Once the diagnosis of HCV infection is made, that initial step must be followed by linkage to care and initiation of treatment when indicated. In the United States, HCV treatment is currently delivered by a relatively small number of clinicians trained in gastroenterology, hepatology, or infectious diseases who are based in academic centers and referral practices. As demonstrated by the Centers for Disease Control and Prevention analysis (Figure 1 ), patients are lost from our care continuum at each step toward HCV treatment. Only half of Americans with HCV have been made aware of the diagnosis, and then only 32%-38% have been referred for specialty care, with treatment delivered to 7%-11%. 20 These statistics were clearly impacted by the presence of the interferon-based regimens, which were great deterrents for patients and providers to embark on antiviral treatment. However, other barriers exist for both patients and clinicians in their efforts to receive HCV care. Persons infected with HCV still suffer stigma related to HCV infection and may be reticent to move forward in care. Persons with HCV have increased prevalence of comorbid mental illness and substance abuse as well as lower education and income levels. 31 Interventions to improve linkage to care have found that care coordination and patient navigator services are effective, but they cannot overcome barriers that include availability of specialty care and lack of health insurance coverage. 32, 33 Treatment centers are not available in all geographic regions of the United States, and patients may be unable or unwilling to travel great distances. Project ECHO overcame many of these barriers by offering care in the rural communities of the patients. Primary care providers effectively offered HCV treatment with support from specialists in the academic center. 34 More efforts are needed to offer treatment in the communities of persons living with HCV infection. Epidemiologic data would support that populations of HCV patients are in federally qualified health centers, methadone clinics, substance abuse programs, mental health centers, and prisons. 26 A pan-genotypic well-tolerated regimen could be offered in these settings and may be the only way to successfully engage many of these patients living with HCV infection. These economic and geographic barriers are only more extreme in the low-and middle-income countries, and HCV treatment needs to be introduced into the existing public health infrastructure.
Prevention
Previous efforts to eradicate smallpox and gain control of other infections like polio have relied on a vaccine strategy to develop herd immunity. 35 With no HCV vaccine expected in the near future, current efforts are evaluating whether antiviral treatment regimens can play a similar role in impacting the prevalence in a population. Time will tell whether this is an effective strategy, but it is clear that antiviral therapy will be unable to control HCV without aggressive efforts to prevent new infections. The strategies for prevention will also vary according to the country and transmission routes. The incidence of acute HCV infection steadily declined in the United States from 1992 until 2005, and these decreases were believed to be related to screening of the blood supply and strategies to prevent transmission of HIV/acquired immunodeficiency syndrome. The plateau was followed by an increase of 45% in reported acute HCV infections in 2011, with 15 states responsible for the surge. 36 Investigations of specific outbreaks have linked these increases to injection drug use among teenagers and young adults. 37, 38 Needle exchange programs and substance abuse treatment programs are not widely available in the United States and will be critical to gain control of HCV in this population. In other parts of the world, many HCV infections occur in health care settings when receiving injections or blood products. Egypt provides the best historical example when unsafe needle practices in their Schistosoma mansoni control campaign led to widespread transmission of HCV. 39 Unsafe injection practices remain a major source of HCV transmission throughout the world. These exposures as well as blood product, organ, and tissue donations have been estimated to result in 2 million new infections per year worldwide. 40 A 2011 World Health Organization report noted that 39 countries did not screen the blood supply for transfusion-transmissible infections including HIV, hepatitis B, hepatitis C, and syphilis. In addition, 47% of blood donations in low-income countries were being tested in laboratories without quality assurance. 41 These numbers are troubling, but a recent report did show progress. In a survey comparing practices from 2000 to 2004 with 2010 to 2011, the number of sub-Saharan African countries testing at least 95% of donations for HCV antibody increased from 13 of 38 (34%) to 30 of 35 (86%). 41 Similar efforts around prevention will be crucial to any national program to eradicate HCV.
National Strategies
Once these potent, short, and pan-genotypic regimens have been identified, strategies will be needed to guide the approach to treatment on a population level. When thinking about HCV throughout the world, the availability of care varies broadly. In countries such as Egypt with strong health care infrastructure and the political will to battle HCV, effective screening and treatment programs have been developed. 42 Many countries in the world have not addressed HCV with a national strategy. In 2014, the World Health Organization released guidelines to provide the outline for national HCV programs for prevention, diagnosis, and treatment. 43 Leadership and commitment at the highest levels of government will be required for these programs to succeed. Only those countries making this commitment to a national program can realistically hope to address HCV and participate in the dialogue of eradication. Within these national programs, regional and local strategies will need to consider a number of issues and perhaps prioritize patient groups according to local epidemiology, culture, and infrastructure. Persons who inject drugs have high prevalence of HCV infection, and screening and treatment in this population would identify a large number of patients efficiently and provide an opportunity to lower prevalence and possibly transmission. Patients with HIV-HCV coinfection should be prioritized because of their more aggressive natural history and increase in liver-related mortality. 44 In countries with established infrastructure to care for patients with HIV, the addition of HCV care will be more easily accomplished than in settings where the infrastructure must be created. To achieve widespread HCV care in all parts of the world, clinicians from a variety of backgrounds will need to be engaged and trained. Training, diagnostic, and treatment algorithms and support from local and regional experts will be necessary to achieve successful treatment outcomes.
The Strategy in Durham
Our clinics at Duke have been offering these interferon-free, well-tolerated oral regimens for several years through clinical trials. Therefore, we knew the potential of these regimens and the opportunity to impact HCV at the population level. In 2012, Dr Arlene Sena-Soberano in her role as Medical Director of the Durham County Health Department convened a working group to develop a local strategy for disadvantaged persons with HCV in Durham. The clearly stated goal was to cure every person in Durham with HCV infection. Dr Sena-Soberano received a grant from Centers for Disease Control and Prevention to screen 2000 residents of Durham for HCV, and screening initiatives started at the federally qualified health center, the county health department, sexually transmitted disease clinic, the homeless shelter, substance abuse treatment programs, and the Durham County jail. Patients diagnosed with HCV received assistance from a bridge counselor to enroll them in primary care if needed and obtain specialty consultation for HCV from physicians at Duke or the University of North Carolina Chapel Hill. This program has been effective in identifying patients and enrolling them in care, but too few patients have received treatment. Our biggest barrier has been the ability to afford the medications. North Carolina did not expand Medicaid with Obamacare, and many of these patients have no health coverage. Our strategy has been to take each patient one by one and try to offer them treatment through patient assistance programs or through clinical trials. Despite our efforts, we have also found that some patients have been unwilling or unable to attend clinics at the academic centers. It has become clear that we must facilitate treatment in the Durham community and away from the academic center if we expect to achieve our goal to cure all. Therefore, we have started to partner with primary care providers in Durham to offer HCV treatment. We have conducted training sessions to prepare these providers, and we expect treatment to begin in these centers soon.
Conclusions
HCV antiviral medications already cure more than 90% of the HCV population including patients with HIV-HCV, decompensated cirrhosis, and post-transplant. Development programs are currently working toward a once daily, pan-genotypic regimen that cures 95% or more. These pan-genotypic regimens would be the basis for diagnostic and treatment algorithms that could be safely offered in a primary care clinic, methadone program, or prison in the United States or in any country of the world. As these regimens reach the clinics, the challenge will be to identify and treat patients with HCV. Screening programs have been limited to this point, and many patients do not have access or cannot afford these medications. The development of generic versions of DAAs and other efforts to bring down costs are needed. Leaders of governments throughout the world must commit for these programs to be successful, and local leaders will need to design programs that are culturally appropriate for the population at risk. We will be able to cure all HCV patients, but there remains much work to be done.
